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Abstract Transport studies have been carried out across a newly synthesized inorganic-organic nanocomposite membrane. Membrane potential measurements have been measured in various monovalent electrolyte environments at different concentrations to analyse the relationship between transport properties and fixed charge concentration of the membrane. The charge densities were found to follow the order K ? [ Na ? [ Li ? . The counter-ion transport number, ionic mobility ratio and permselectivity of the nanocomposite membrane have also been calculated which reveal that the inorganic-organic nanocomposite membrane shows a higher selectivity towards K ? ions; however, the selectivity decreases with decrease in dilution for all monovalent electrolytes tested. These membranes were comprehensively characterized for their physicochemical properties, morphology, molecular interactions and crystallinity by sophisticated techniques. The ionexchange capacity, volume void porosity and water uptake of the membrane were found to depend on the polystyrene content in the membrane phase and these properties decreased with increase in the amount of polymer (15-35 % by mass). Moreover, membrane containing 25 % of polystyrene exhibited good selectivity along with moderate ion-exchange capacity, which may be used for their application in electro-driven separation at high temperatures or for other electrochemical processes.
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Introduction
The development of new membrane materials has tremendously gained the advantage of an interdisciplinary approach integrating recent advances in the field of material science in the past few decades. Membranes fulfill a large number of complex mass and energy transport functions very efficiently and with minimal energy expenditure. They can transport individual chemical components selectively and under certain conditions, which may be controlled by specific components such as an electrical potential gradient. The structure and chemical nature or electrical charges of the membrane material along with the properties of the permeating component such as its size, its chemical nature, or electrical charge, and forces such as concentration, pressure, or electrical potential gradients across the membrane determine the transport rate of a component through it. The charges developed across the membranes play a significant role in the sorption and transport of simple electrolytes and provide several vital electrochemical properties not only to synthetic membranes but also to natural membranes [1] . One of the most important properties imparted by such charges is the difference in the permeabilities of co-ions, counter-ions and neutral molecules.
Membrane potential measurement is one of the electrochemical methods applied to evaluate the effect of charges of membranes on their transport properties arising due to electrolyte concentration. Membrane potential is the algebraic sum of diffusion potential and two Donnan potentials, determined by the partition of ions into the pore as well as the mobilities of ions within the membrane phase with respect to the external phase [2, 3] . The transport of ions across the membrane can be related to the membrane potential caused by concentration gradient of an electrolyte impressed upon the membrane. The present paper reports the synthesis and transport properties of polystyrene blended cobalt carbonate membrane. The inorganic-organic composite membrane has been studied because such membranes are a promising and fast emerging research area with various remarkable importances arising due to the synergetic properties of both the inorganic and organic components [4] [5] [6] [7] . The transport studies of the newly synthesized membrane have been carried out using various methods suggested by different research groups [8] [9] [10] and the fixed charge density values have been compared to check the applicability of the theories to the membrane system.
Experimental section

Reagents and solutions
Cobalt (II) chloride (from E. Merck (India) Limited, Mumbai, 97 % purity) and sodium carbonate (99.9 % purity, Fine Chemicals Division, Mumbai) had been used for the synthesis of the inorganic membrane. Deionised water (water purification systems, integrate; with reverse osmosis (RO) conductivity 0-200 ls/cm) was used to prepare all solutions of the reagents, which are of analytical grade. Pure sodium chloride, potassium chloride and ammonium chloride were obtained from E. Merck (India) Limited while lithium chloride from Loba -Chemie Indoaustranal Co. (India). The working solutions of the electrolytes (KCl, NaCl, LiCl and NH 4 Cl) of the required concentrations were prepared by appropriately diluting their stock solutions.
Synthesis of polystyrene blended cobalt carbonate membranes
The white precipitates of cobalt carbonate have been synthesized by sol-gel method by reacting 0.25 M cobalt (II) chloride solution with 0.25 M solution of sodium carbonate [11] . The resulting mixture is stirred well with a magnetic bar keeping the temperature constant at 80°C for 24 h until one-phase solution is formed that goes through a solution-to-gel transition. The mixture was adjusted to pH 2 by adding diluted HCl solution. The precipitates were kept overnight in the mother liquor for digestion. After decanting off the supernatant liquid, the remaining precipitates were washed with demineralised water to remove any excess reagent of electrolytes and then dried at 100 ± 1°C for another 24 h. These were powdered and sieved through a 200 mesh (Granule size \0.07 mm). Pure crystalline polystyrene was also ground to fine powder and sieved through a 200 mesh. The inorganic precipitates were then mixed with granulated polystyrene with the help of a pestle and mortar to get ion-exchange membranes having a varying percentage (15-35 %) of polystyrene by mass. Such membranes were used to understand the changes in their physicochemical behaviour as a function of the quantity of polystyrene that is blended with the inorganic component while membranes having 25 % polystyrene were only selected for transport studies. A flowchart depicting the steps for the preparation of the inorganicorganic precipitated membrane is shown in Fig. 1 .
Instruments and membrane characterization
A Rigaku Miniflex X-ray diffractometer was utilized for crystallographic investigation by employing a monochromatic X-ray beam with calcium-filtered Cu Ka radiation and setting the diffraction angle at between 20°and 80°. A scanning electron microscope (LEO, 435 VP) instrument, with gold sputter coatings, operating at 10 -2 -10 -3 Pa with EHT 15.00 kV with 300 V collector bias was used for the electron micrographs for figuring out the morphological structure of the inorganic-organic nanocomposite membrane. A digital potentiometer model 118 (Electronics India) was used for measuring the membrane potential.
Water uptake, volume void porosity and swelling Different samples of the inorganic-organic nanocomposite membranes prepared with different quantity of polystyrene were immerged in distilled water as well as in 1 M NaCl solution for 24 h to figure out water content in terms of water concentration, void porosity and swelling [12, 13] . Their surfaces were wiped with filter paper and then the wet membranes were weighed. The thickness of the samples was measured using a micrometer screw gauge and membrane density for wet membrane was determined by dividing the wet membrane weight by its volume. Subsequently, they were dried at 100°C in an oven to constant weight. The weight, thickness and density of dry membranes were also estimated in the same way. Water content and porosity of the membrane were determined in terms of amount of water absorbed by the membrane.
Ion exchange capacity
The ion-exchange capacity (IEC) of the various samples of cobalt carbonate with different amounts of polystyrene was determined by column (0.5 cm, internal diameter) operation. The ion-exchanger in the H ? form was placed in the column with glass wool support; and a 0.1-mol/L solution of sodium nitrate solution was used as the eluent. The flow rate was maintained at 1.0 mL/min. The H ? ions content of the effluent was then determined by titrating against a standard solution of 0.1 mol/L sodium hydroxide.
Chemical stability ASTM D543-95 method [14] was used to test the chemical stability of the inorganic-organic nanocomposite membranes. The membranes were exposed to a number of media commonly utilized such as H 2 SO 4 , NaOH, K 2 Cr 2 O 7 , HNO 3 , etc. The membranes were scrutinized after 24, 48 and 168 h, analysing variation in colour, texture, splits, holes, bubbles, brightness, decomposition, curving and stickiness.
Measurement of potential
The freshly prepared inorganic-organic nanocomposite membrane was cemented in a Pyrex glass tube cell having two compartments in which a saturated calomel electrode was placed for measuring the membrane potential; Fig. 2 shows the schematic diagram of the constructed electrochemical cell of the above type. The monovalent chloride electrolytes of concentrations c 1 and c 2 , in both the compartments of the cell, were vigorously stirred by a magnetic stirrer to minimize the effects of boundary layers on the membrane potential (mV ± 0.5). The experiment was conducted at room temperature and atmospheric pressure.
Results and discussion
Stability of membrane and its physicochemical properties
Our attempt was to set up a membrane system of adequate chemical, thermal and mechanical stability. So, to acquire such membranes, the selection of binder is also of immense importance. Easily available polystyrene is found to be an appropriate binder as its cross-linked rigid framework provides adequate adhesion to the molecules of cobalt carbonate which accounts for the higher mechanical stability to the membrane over other binders like polyvinyl chloride, cellulose acetate, etc. So, a polystyrene blended cobalt carbonate membrane results in more favourable thermal and mechanical stabilities provided by the inorganic part and furnishes good flexibility due to the organic component, i.e. polystyrene-supported cobalt carbonate nanocomposite membrane can be a potential and better candidate than many conventional membranes which degrade under harsh conditions frequently encountered in various industrial settings. Furthermore, it appears to be efficient and cost-effective material having solvent resistance and thermal resistance characteristics [15] .
Different amounts of polystyrene (15-35 %) have been blended with the inorganic compound resulting in various blend ratios. The membranes with 25 % organic binder are found to be quite stable and furnish reproducible results; higher or lower than this quantity of polystyrene results in decrease in stability. Membranes prepared in this way did not show any dispersion in water or in other electrolyte solutions. They were subjected to microscopic and electrochemical studies for figuring out cracks and homogeneity of the surface; only those membranes that had smooth surface and generated reproducible potentials were assured by carefully controlling the conditions of fabrication for further studies.
The synthesized inorganic-organic nanocomposite membrane was also tested for chemical resistance in acidic, alkaline and strong oxidant media. In acidic (1 M H 2 SO 4 ) and alkaline (1 M NaOH) media, few considerable changes were observed after 24, 48 and 168 h, indicating that the membrane is effective in such media. In strong oxidant media like K 2 Cr 2 O 7 , however, the synthesized membrane became fragile after 48 h, losing its mechanical resistance.
Volume fraction of water (u w ) of the membrane is evaluated by the relation:
Here, Dw (=w w -w d ) is the weight difference between wet and dry membranes, q w and q m are the densities of water and membrane, respectively. Water content of the pure cobalt carbonate as well as polystyrene-cobalt carbonate samples with different quantities of polystyrene are determined in terms of water concentration (in mol/dm 3 ) in the membrane phase [16] by the following equation:
where W m c is the concentration of water in the membrane and M W is the molar mass of water (18 g/mol).
The volume of free water within membrane per unit volume of wet membrane of the composite membrane, defined by Volume void porosity (s m ), is evaluated by the relation [17] 
Here, DV is the increase in membrane volume upon absorption of the water per unit of dry membrane volume.
It is evaluated by the relation DV ¼
, where q d is the density of the dry membrane and q W the density of water which enters into the membrane. The water concentration and volume void porosity of the cobalt carbonate membrane are calculated by Eqs. 2 and 3 and they are plotted as a function of polystyrene in Fig. 3a and b; these values are found to decrease with increase in the quantity of polystyrene owing to decrease in interstitial volume. The cross-linked clusters of polystyrene may be the reason for this decrease. All the investigated membranes of cobalt showed a negligibly small swelling when immersed in NaCl solution for 24 h. The narrow pore size distribution of the membranes increases the diffusive resistance. The low orders of water concentration and volume void porosity with negligible swelling of the membranes also suggest that interstices are negligible and diffusion across the membrane would occur mainly through exchange sites.
Ion-exchange capacity (IEC) (mequiv./g dry memb), which indicates the density of ionisable hydrophilic groups in the membrane matrix and responsible for the ionic conductivity in the ion-exchange membrane, has been calculated from the quantitative analysis of Na ? ions by the following equation:
where C Na þ is the concentration of Na ? ions (mmol/ cm 3 = mequiv./cm 3 ) of the NaNO 3 solution, V sol the volume of the solution and W drymemb is the weight of dry membrane (g). The results of the IEC of different samples of cobalt carbonate (Fig. 3c) reveal that the IEC decreases with increase in the mass% of non-charged polystyrene that 
Characterization
For a clear demonstration of the surface morphology and the homogeneity in mixing the organic and inorganic substrates to get the hybrid, SEM studies were carried out (Fig. 4) . There is no phase separation and cracks of the membrane surface, suggesting that the synthesized composite films are homogeneous in nature and hence form a dense membrane. The surface image of the membrane is shown in Fig. 4a . The porous nature of the membrane is clearly exposed in the image and the membrane is macroscopically uniform in thickness. The pores that can be modelled as uniform capillaries are evenly distributed throughout the surface of the membrane. Entrance and exit effects can be ignored since the pore radius is small as compared to the thickness of the membrane and it is assumed that the membrane and the adjacent solution are in equilibrium. The cross-sectional image of the hybrid membrane is also depicted in Fig. 4b . X-ray diffractograms (Fig. 5) show the presence of sharp peaks which reveal the crystalline nature of the pure cobalt carbonate and its nanocomposite membranes. The XRD patterns show a broad peak at 31.3°for pure cobalt carbonate crystal (Fig. 5a ) while for the inorganic-organic nanocomposite crystal, the broad peak is observed at 37.2° (  Fig. 5b) . It is possible to correlate peak width to the size of crystallographic perpendicular planes using the DebyeScherrer formula: D = 0.9k/b cosh, which has been used to calculate the crystallite size (D) from the corresponding X-ray spectral peak. Here, k is the X-ray wavelength (1.54060 9 10 -10 m) of the incident light, b is the full width at half-maximum which is the peak width at half of the total peak height of the compound and h is the peak diffraction angle. The average crystal granular size of the pure cobalt carbonate nano-particles, calculated from the most intense peak using the above equation, was found to be 22.52 nm while the crystallite size of the nanocomposite was 35.85 nm. It is also understandable from the diffractograms that the crystalline nature of polystyrene blended cobalt carbonate is less than that of the pure cobalt carbonate; the result is obvious as polystyrene is amorphous in nature [18] which decreases the crystalline nature of cobalt carbonate.
Membrane potential and transport studies
The membrane potential values (w m ) were measured across the polystyrene blended cobalt carbonate nanocomposite membrane for some monovalent electrolytes of unequal concentrations. The values are plotted as a function oflog C, where C = (c 1 ? c 2 )/2 is the average concentration with the ratio c(=c 2 /c 1 ) fixed at 10 (Fig. 6a) . The transport of oppositely charged ions with different mobilities develops a potential difference across the membrane. The quantity of charge necessary to generate the potential is small, particularly when dilute solutions are used. The charge imparts some significant electrochemical properties to the membrane such as the differences in the permeabilities of co-ions, counter ions and neutral molecules. The magnitude of the membrane potential depends on many factors like applied pressure at the membrane preparation stage, counter-ion to co-ion mobility ratio, exchange characteristics of the membrane material for various cations in addition to the nature and concentration of the equilibrating electrolyte solutions [19] . It was observed that the cobalt carbonate nanocomposite membrane prepared at higher applied pressure exhibited higher membrane potential. The results reveal that the potential . The membrane potential was observed to increase with time at first, attained a maximum value after a certain interval and then fell off slowly. For a concentrated solution, the time taken for the attainment of maximum potential was observed to be more than that of a dilute solution but it was found to differ with different electrolytes.
The measurement of ion activity by means of a membrane electrode is most successful in the concentration range over which the membrane behaves as ideally permselective and obeys the Nernst equation. An ideally permselective membrane is the one which allows a negligible permeability for co-ions as compared to that for counter-ions. The co-ion transference and the dependence of the exchange of cations between the solution and the membrane phase and on the electrolyte concentration [20] are possibly the reason for the deviation. The data in Fig. 6a illustrate that the potential values are positive and increase with decrease in concentration of all the tested electrolytes, which shows that the membrane is negatively charged, i.e. cation selective as cations easily pass through the negatively charged cation exchange membrane. The overall outcome of the process is that one cell of the pair becomes depleted of ions while the adjacent cell becomes enriched in ions; however, the selectivity increases with dilution which may be due to the structural alteration produced in the electrical double layer at the membranesolution interface. The increase in selectivity with dilution is also supported by the increasing values of the counterion transport numbers, t ? ( Table 1) .
The influence of penetration of mobile species into the membrane when an ionic gradient is maintained by two solutions of an electrolyte of different concentrations on both sides of the membrane is greater in case of counter-ions than in the co-ion. The values of the ratio of the molar mobilities of the cation and anion 'u ? /u -' (the mobility ratio (x) of the membrane) calculated for cobalt carbonate nanocomposite membrane are also represented in Table 1 . The values of x in the membrane phase were found to be increasing with dilution for all the monovalent electrolytes used. The high mobility is attributed to higher transport number of comparatively free cations as compared to the anion (Cl -ion) of the electrolytes.
When a slightly charged membrane was imposed between two solutions of an electrolyte of unequal concentrations c 1 and c 2 (c 2 [ c 1 ) with the effective concentration of ion-exchange site of the membrane much lower than electrolyte concentration (C), the following equation was derived for the potential developed across the membrane [19] : Tasaka et al. [8] suggested the following relation to calculate fixed charge density of the membrane:
Here, /X is the effective fixed charge density of the negatively charged membrane. Equation 6 indicates that the plot of w m against 1/c 1 will be linear. The plot shown in Fig. 6b has been used but with a different slope equal to
2 Þfrom which the values of /X for different electrolytes have been evaluated (Table 2) .
It was also shown, at the same experimental condition, that the inverse of the apparent transport number of the anion, t -app , in a high salt concentration range could be expressed by the following equation [21] :
Here, a is the ratio of molar mobility of cation to the sum of molar mobilities of cation and anion, hX c is the effective fixed charge density of the membranes under investigation and c 1 (in mol/dm 3 ) the concentration of the monovalent electrolyte in the lower concentration side of the cell. The apparent transport number of the anion t -app is defined by the Nernst equation: w m ¼ ðRT=FÞ ð1 À 2t Àapp Þ ln . Equation (7) shows that the values of a and hX c can be evaluated from the values of intercept ( 1 1Àa ) and slope ( aðcÀ1Þ ð1ÀaÞc ln c hX c ) from the linear plot of 1/t -app against 1/c 1 (Fig. 6c) . The calculated values of the fixed charge densities hX c of the polystyrene blended cobalt carbonate composite membrane are also given in Table 2 which unveils the order KCl [ NaCl [ LiCl.
The term, permselectivity P s is defined as a measure of preferential permeation of counter-ions inside the membrane as compared to solution outside the membrane, and ion selectivity of an ion-exchange membrane can also be expressed as a function of it. Applying approach proposed by Helfferich [22] , permselectivity has been evaluated by the following equation:
and t ? are the true transport numbers of the counter-ion in the membrane and solution, respectively. The permselectivity arises because of the nature of the membrane for inequity between counter-ions and co-ions. Such type of (Fig. 7) . The decline in permselectivity values with the increase in electrolyte concentration may be due to the reduction of the Donnan exclusion. It was also suggested that the fixed charge density of a membrane could be calculated from the data of permselectivity [9, 10] .
where n ¼ C hX : Here, the product hX is termed as the thermodynamically effective fixed charge density of the membrane and P s is the permselectivity of the membrane-electrolyte system the value of which can also be calculated from the membrane potential data by inserting the values of a and t -app . Equation (8) indicates that if P s = 1, then the transport number of the co-ions (t -app ) is zero, i.e. the membrane is perfectly selective; while if P s = 0, then t -app = 1 -a, i.e. anions behave as in the bulk solution or as in a membrane having no fixed charge. It is evident from the left-hand side of equation that when C becomes equal to hX, P s attains the value of 1 ffiffi ffi 5 p or 0.447. The value of C corresponding to which P s = 0.447 will give the value of the fixed charge density (hX). The values of the fixed charge densities calculated from the plots of P s against log C (Fig. 7) for various cobalt carbonate membrane-electrolyte systems are also included in Table 2 . The results provide information that the fixed charge density is highest for LiCl and lowest for NaCl for the same electrolytic concentration, indicating that the polystyrene incorporated cobalt carbonate nanocomposite membrane shows highest selectivity towards K ? ions.
Conclusion
The nanocomposite membrane prepared with 25 % polystyrene provides reasonably higher chemical and mechanical stabilities of cobalt carbonate nanocomposite membrane in water and produces fine results for electrochemical purposes and hence can be a potential and better contender than many conventional membranes which degrade under harsh conditions often encountered in various industrial applications. The physicochemical properties (water content and volume void porosity) of cobalt carbonate composite membrane are found to decrease with increase in the percentage of polystyrene. The inorganic-organic composite membrane behaves as a weak cation-exchanger and its exchange capacity decreases abruptly with increasing amount of polystyrene. The counter-ion transport numbers, permselectivity and effective fixed charge densities are in the order KCl [ NaCl [ LiCl for the same electrolytic concentration which indicates that the composite membrane shows higher selectivity towards Li ? ions. Moreover, the values of fixed charge densities calculated by different methods (Table 2 ) are found to be in close agreement. Characterization by SEM and X-ray analyses reveal the morphological structure and the crystalline nature of the nanocomposite cation-exchange membrane.
